The effect of furation technique and post mortem-to-fixation interval in immersion-fined tissue from the central nervous system on immunocytochemical staining for the presence of an immunoglobulin was determined in mice. Immersionfixed tissue was found to be inferior to perfusion-fixed tissue for immunocytochemical staining of this serum protein.
Introduction
Immunocytochemistry is increasingly being utilized in pathology studies. It is well known that tissue must be prepared and fixed as quickly as possible after surgery or post mortem so that a possible loss of antigenicity and a resulting degradation of immunocytochemical staining (immunostaining) can be avoided. Some postmortem delay in fixation is inevitable when studies are performed on autopsy material, and this must be taken into account when immunostaining results are evaluated. However, a delay of several hours from death to fixation seems to have little effect on immunostaining results for many antigens (Gu et al., 1985) .
Nevertheless, there is reason to be especially concerned about the reliability of immunocytochemical technique in localizing some serum proteins within central nervous system (CNS) parenchyma.
CNS tissue interstitial concentrations of serum proteins are two or three orders of magnitude lower than intravascular concentrations. Within a few hours of death, the blood-brain barrier disintegrates and serum proteins diffuse across this large gradient, out of the intracerebral vasculature and into surrounding tissue (Hashimoto et al., 1986) . For most proteins this would simply result in an unacceptably high staining background, but autoantibodies or other proteins capable of binding to tissue would bind to neural elements after diffusion into tissue. Investigators have already used the immunocytochemical localization of immunoglobulins in neural tissue from autopsy cases as evidence for involvement of autoanti-Supported by a grant from the Amyotrophic Lateral Sclerosis Association. bodies in the pathogenesis of paraneoplastic encephalomyelitis (Graus et al., 1987) and amyotrophic lateral sclerosis (Engelhardt and Appel, 1990; Hays et al., 1990) . In these and similar studies, the location of autoantibodies on or in neural elements might depend on post-mortem changes. One of these changes may be disintegration of the blood-brain barrier with death, in which case controls of staining specificity would not be adequate unless the same autoantibody observed in study cases were also present in the serum of control cases.
To determine the reliability of immersion-fixed tissues in immunocytochemical localization of immunoglobulins in the CNS and the interval over which fixation might be delayed without affecting immunocytochemical staining, we examined the effect of fixation technique and the interval from death to removal of tissue and fixation on the localization of immunoglobulins in the central nervous system in mice.
Materials and Methods
To study the effects of fixation method and the time interval between death and fixation on immunohistochemical staining for IgG, mice were injected systemically with a monoclonal rat anti-Thy 1.2 IgG. This monoclonal antibody (MAb) was obtained from a hybridoma cell line (American Type Culture Collection; Rockville, MD) designated 30-H12 (Ledbetter and Herzenberg, 1979) , grown as peritoneal tumors in Balb/C nuhu mice. Systemic injection of anti-Thy 1.2 antibody results in immunohistochemical labeling of primary motor neuron groups in the spinal cord and brainstem for the presence of IgG that is quite marked 24 hr after injection. Uptake of anti-Thy 1.2 IgG is thought to be secondary to absorptive endocytosis of the IgG after binding of the IgG to Thy 1, a glycoprotein found in rela-E4BIAN tively high concentrations at the synaptic plasma membrane (LaRocca and Wiley, 1988) . Absorptive endocytosis at the synaptic ending is followed by axonal transport to the neuronal perikarya, where the IgG becomes localized in vesicular organelles such as lysosomes, multivesicular bodies, and transitional vesicles. Under optimal conditions, which include the use of phosphate-buffered 4% paraformaldehyde fixative at pH 7.0 by transcardial perfusion at 4'C, the result is discrete groups of primary motor neurons in which the cytoplasm is densely labeled for the presence of IgG (LaRocca and Wiley, 1988) . Therefore, these conditions were used as the standard to which staining of immersion-fixed tissue was compared.
Ascites from the 30-H12 cell line was purified to IgG using standard techniques (McKinney and Parkinson, 1987) , adjusted to a concentration of 10 mglml in PBS, and filtered through 0.22-pmpore membranes (Millipore; Bedford, MA) before use. Aliquots of this solution (0.25 ml) were injected intraperitoneally into adult Balblc mice. After a survival of 24 hr, the mice were sacrificed by halothane inhalation and were divided into eight groups. In the first of eight groups, the mice were immediately fixed by transcardial perfusion of a 4% solution of paraformaldehyde, freshly prepared in 0.1 M sodium phosphate, adjusted to pH 7.0 at 4'C (n = 6). In the next three groups, the brain and spinal cord were dissected out and immersed in the same fixative after a post-mortem interval of a few minutes (n = 7). 2 hr (n = 3). or 6 hr (n = 10) at 4'C. The last four groups were treated in the same way as the first four, but were not injected with 30-Hl2 and thus served as controls of staining specificity. Tissue from all groups remained immersed in fixative for 48 hr at 4'C before being transferred to 30% sucrose for 24-72 hr. Blocks were prepared from representative areas and sectioned frozen at a thickness of 40 pm. Sections were collected and washed in 0.1 M sodium phosphate, pH 7.4. The resulting sections were then stained for the presence of rat IgG using a streptavidin-biotinylated peroxidase technique. All reactions were run at ambient temperature. A solution of 0.1% hydrogen peroxide in 0.01 M sodium phosphate, 0.18 M sodium chloride, pH 7.4 (PBS) was applied for 30 min to remove endogenous peroxidases from the tissue. The sections were then incubated with 4% goat serum in PBS for 1 hr. They were then incubated with 5 pg/ml affinity-purified and biotinylated goat anti-rat IgG without crossreactivity to mouse IgG (Amersham; Arlington Heights, IL) in PBS with 4% goat serum and 0.05% Triton X-100 (Sigma; St Louis, MO) for 4 hr. They were then washed with PBS with 0.05 % Triton X-100 and incubated with 0.25% streptavidin-biotinylated horseradish peroxidase complex in PBS with 4% goat serum for 1 hr. After washing again, the stain was developed using 0.25 kglml3,3'-diaminobentidine hydrochloride (Eastman Kodak; Rochester, NY) and 0.01 pg/ml H202 in 0.1 M sodium acetate, pH 6.9, for 6-10 min. Slides were dehydrated with absolute ethanol, cleared with xylene, and coverslips were applied before examination and photography by light microscopy. Most slides were stained with neutral red before dehydration and clearing.
Quantitative analysis of neuronal staining was done for neuronal groups in the brainstem and spinal cord. Anatomic regions were identified with the aid of an atlas (Sidman et al., 1971) . Counts of immunohistochemically stained neurons and neurons identified by staining with neutral red were performed by a blinded observer. The observer used the following criteria to recognize neurons: multipolar or bipolar neuronal perikarya, Nissl substance, and neuronal nucleus. Clear-cut diaminobenzidine reaction product deposition within the neuronal perikarya was necessary for neurons to be counted as being immunocytochemically stained. Stained non-neuronal cells were not counted.
Results

Perfusion-fixed Tissue: General Observations
Staining was noted in adherent arachnoid matter on most sections and lightly in the ependyma. Diffuse staining was noted in the area postrema and the hypothalamus. Motor neurons within nuclei that project outside of the blood-brain barrier were strongly stained ( Figure 1A ). Staining within neurons was granular and tended to be concentrated around, but was excluded from, the nucleus, and extended into proximal dendrites. This staining was noted in all major brainstem and spinal cord motor nuclei, as has been described previously (LaRocca and Wiley, 1988; Fabian and Ritchie, 1986) .
Other areas of light, diffuse staining were noted in Rexed's Laminae 1 and 2 of the spinal cord dorsal horn and in the cochlear nuclei. Occasionally, areas of staining were noted that appeared to be associated with some small vessels, giving the impression of rupture and extravasation of serum proteins during perfusion. Otherwise, diffuse staining was not noted in the interstitium.
Tissue Fixed by Immersion Immediately Post Mortem: General Observations
Tissue fixed immediately after death revealed a pattern of staining of motor neurons similar to that of perfusion-fixed tissue, except that specific staining of neurons tended to be less intense ( Figure   1B ). In addition, intense staining of most elements of the vasculature other than red blood cells was noted, including capillaries, venules, penetrating arteries, and arterioles. Areas of diffuse staining were noted around larger vessels, giving the impression of diffusion of serum proteins from these vessels into the surrounding tissue. Light, diffuse staining of neurons adjacent to large vessels was noted.
Tissue Fixed by Immersion 2 Hr Post Mortem: General Observations
Tissue fixed 2 hr post mortem revealed a pattern of staining of motor neurons similar to that of perfusion-fixed tissue, except that specific staining of neurons was much less intense and the number of stained neurons was decreased ( Figure IC ) (see below). In addition, staining of other groups of neurons was noted which tended to be inconsistent and patchy. The reaction product in these neurons was transparent and homogeneous in appearance rather than punctate or granular. Diffuse staining of the interstitium, which was also patchy and inconsistent, was noted in several areas of the 
Tissue Fixed by Immersion 6 Hr Post Mortem: General' 0 bservations
Diffuse staining of tissue was noted in several areas, while staining of vasculature was reduced compared with that of tissue fixed immediately or 2 hr after death. The specific staining of primary motor neurons recognized in perfusion-fixed tissue was no longer recognizable above the background of diffuse staining, except for a few scattered remaining neurons ( Figure ID) (see below) . Moreover, staining of other neurons not stained in perfusion-fixed tissue was noted in several areas and was intense in some areas. This neuronal staining again had a diffuse, transparent appearance. Neurons stained in this way tended to be grouped together in inconsistent patterns that did not correlate with the intensity of diffuse, interstitial staining or with staining of vasculature.
Controh
Tissue from animals not injected with 30-Hl2 IgG showed no significant staining other than staining of the arachnoid mater and residual staining from erythrocytic peroxidase, regardless of the method of fixation.
Quantitative Analysis
Counts of neurons per section from each of the analyzed groups are shown in Figure 2 . The fraction of immunohistochemically positive neurons was lower in immersion-fixed tissue than in perfusionfixed tissue. In addition, a rapid fall in the fraction of immunohistochemically positive neurons in motor neuron groups was noted from 0-6 hr of post-mortem interval to fixation until few labeled neurons could be recognized at 6 hr.
Discussion
These results indicate that the method of fixation and the postmortem interval to fixation of tissue have a profound effect on specificity and sensitivity of immunostaining for an immunoglobulin in the CNS. The degradation of staining for IgG in the CNS occurred more rapidly than has been observed for other proteins that were found in a previous study (Gu et al., 1985) to produce acceptable staining with post-mortem intervals to fixation of up to 10 hr. At death, a number of proteolytic substances are released in body tissues that may degrade proteins such as IgG and thus explain the results seen in this study. This study does not resolve the issue of what specific post-mortem changes produce the loss of staining intensity and specificity noted. However, one mechanism that may be particularly important in CNS tissues is the disintegration of the protein blood-brain barrier, which occurs rapidly after death. Although the vascular compartment of the brain makes up only about 10% of its total volume, it contains more than 98% of the immunoglobulins and other serum proteins within CNS tissue. At death, membrane barriers to diffusion of these proteins begin to break down almost immediately; diffusion of serum proteins from the vasculature to the interstitium is complete after 6 hr (Hashimoto et al., 1986) . Intravascular autoantibodies may then bind to whatever complementary antigens are present in the tissue. This explanation is supported by the fact that the anti-neuronal immunoglobulin used in this study, which binds to Thy-1.2 present on the neuronal plasma membrane, appears to bind to neurons after diffusion into the tissue, leading to random, patchy staining of neurons not seen in perfusion-fixed tissue. This observation is consistent with earlier studies of the diffusion of serum proteins out of brain vasculature after death (Hashimoto et al., 1986; Sparrow, 1980) . In most laboratories, the immunocytochemical staining parameters are adjusted to minimize diffuse "background" staining. The intensity of specific staining becomes as much a product of the specificity of localization of staining as of the sensitivity of the staining technique per se. A marked increase in background staining caused by dlffusion of intravascular proteins into tissue would therefore conceal small amounts of IgG in specific neural elements. Combined with this are mechanisms that can reduce immunostaining of any antigen, including dlffusion from normal tissue sites, digestion by autolytic enzymes, and denaturation with fixative chemicals.
Perfusion fixation has long been known to produce superior results with many types of immunocytochemical and histochemical techniques. Protocols for perfusion fixation of autopsy material are available and have been successfully utilized in the autopsy suite for immunocytochemical studies (Beach et al., 1987) . One of the major advantages of these techniques where the localization of serum proteins in neural tissue is concerned is that serum proteins are removed from the vasculature during perfusion and fixation of tissue takes place as quickly as possible. Even when tissue is immersion-fixed immediately after death, it takes some time for fixation to penetrate into tissue blocks. Perfusion fixation cuts this time of diffusion down considerably by reducing the diffusion distance to that from tissue capillaries to the remote interstitium.
